To investigate the mechanisms underlying accurate pre-mRNA splicing, we developed an in vitro assay sensitive to proofreading of 5 0 splice site cleavage. We inactivated spliceosomes by disrupting a metalligand interaction at the catalytic center and discovered that, when the DEAH box ATPase Prp16 was disabled, these spliceosomes catalyzed 5 0 splice site cleavage but at a reduced rate. Although Prp16 does not promote splicing of a genuine substrate until after 5 0 splice site cleavage, we found that Prp16 can associate with spliceosomes before 5 0 splice site cleavage, consistent with a role for Prp16 in proofreading 5 0 splice site cleavage. We established that Prp16-mediated rejection is reversible, necessitating a downstream discard pathway that we found requires the DEAH box ATPase Prp43, a spliceosome disassembly factor. These data indicate that spliceosomes distinguish slow substrates and that the mechanisms for establishing the fidelity of 5 0 splice site cleavage and exon ligation share a common ATP-dependent framework.
SUMMARY
To investigate the mechanisms underlying accurate pre-mRNA splicing, we developed an in vitro assay sensitive to proofreading of 5 0 splice site cleavage. We inactivated spliceosomes by disrupting a metalligand interaction at the catalytic center and discovered that, when the DEAH box ATPase Prp16 was disabled, these spliceosomes catalyzed 5 0 splice site cleavage but at a reduced rate. Although Prp16 does not promote splicing of a genuine substrate until after 5 0 splice site cleavage, we found that Prp16 can associate with spliceosomes before 5 0 splice site cleavage, consistent with a role for Prp16 in proofreading 5 0 splice site cleavage. We established that Prp16-mediated rejection is reversible, necessitating a downstream discard pathway that we found requires the DEAH box ATPase Prp43, a spliceosome disassembly factor. These data indicate that spliceosomes distinguish slow substrates and that the mechanisms for establishing the fidelity of 5 0 splice site cleavage and exon ligation share a common ATP-dependent framework.
INTRODUCTION
Pre-mRNA splicing is catalyzed by the spliceosome, a dynamic ribonucleoprotein (RNP) machine, composed of five small nuclear RNAs (snRNA) and 80 conserved proteins (Wahl et al., 2009 and references therein). The snRNAs U1 and U4 do not participate in catalysis but do aid in the assembly of the spliceosome onto a pre-mRNA. U2, U5, and U6 snRNAs constitute the structural framework of the catalytically active spliceosome and form well-conserved interactions among themselves and with intronic and exonic sequences to juxtapose the reactants for splicing catalysis. Furthermore, base-paired U2/U6 appears to participate in splicing catalysis (Huppler et al., 2002; Madhani and Guthrie, 1992; Mefford and Staley, 2009; Valadkhan and Manley, 2001; Valadkhan et al., 2009; Yean et al., 2000) . The protein components consist of both snRNP and non-snRNP protein factors, which together mediate a number of functions, including promoting RNP rearrangements and stabilizing RNP conformations during spliceosome assembly and catalysis (Wahl et al., 2009 and references therein) .
To ensure fidelity in gene expression, the spliceosome must excise introns accurately and with single nucleotide precision. The spliceosome recognizes introns through consensus sequences at the 5 0 splice site, the branch point, and the 3 0 splice site (Wahl et al., 2009 and references therein). These sequences also participate directly in splicing catalysis, which involves two sequential phosphoryl transfer reactions. In the first step of this reaction, 5 0 splice site cleavage, the 2 0 hydroxyl of a conserved intronic adenosine attacks the 5 0 splice site, forming a lariat intermediate and a free 5 0 exon. The spliceosome then repositions the intermediates for the second step, exon ligation. In this step, the 3 0 hydroxyl of the 5 0 exon attacks the 3 0 splice site, excising the intron and ligating the two exons to form the mRNA. Identifying the optimal splice site among a large number of nearly optimal splice sites is a daunting challenge for the spliceosome.
To promote fidelity, the spliceosome uses constitutive components to discriminate against suboptimal substrates through either an equilibrium or kinetic mechanism (Burgess and Guthrie, 1993b; Mayas et al., 2006; Query and Konarska, 2004; Xu and Query, 2007) . Equilibration between the two catalytic states of the spliceosome contributes to fidelity by sequestering aberrant substrates in a spliceosomal conformation that is catalytic but inappropriate given the connectivity of the substrate . In kinetic proofreading, the spliceosome preferentially rejects suboptimal substrates through a branched pathway. This rejection is mediated by enzymes belonging to the DExD/H box family of ATPases (Burgess and Guthrie, 1993b; Mayas et al., 2006; Xu and Query, 2007) . DExD/H box ATPases are a ubiquitous class of nucleic acid remodeling factors that use the energy derived from ATP binding and/or hydrolysis to disrupt RNA-RNA or RNA-protein interactions (Rocak and Linder, 2004) . In splicing, at least eight conserved members of this family mediate specific RNP rearrangements to facilitate splicing of an optimal substrate. In addition, at least three of these ATPases promote fidelity by antagonizing splicing of suboptimal substrates (Burgess and Guthrie, 1993b; Mayas et al., 2006; Xu and Query, 2007) .
In a pioneering genetic study, Burgess and Guthrie discovered that the DEAH box ATPase Prp16p not only promotes rearrangement of the spliceosome but also the fidelity of branch point recognition (Burgess and Guthrie, 1993b) . Specifically, although prp16 mutants accumulate splicing intermediates and compromise mRNA formation with a wild-type substrate, with a mutated branch site substrate, prp16 mutants increased the levels of both mutated lariat intermediates and mRNA products (Burgess and Guthrie, 1993b) . Because these Prp16p mutants hydrolyze ATP inefficiently in vitro, Prp16p was proposed to enhance the fidelity of branch point recognition by a kinetic proofreading mechanism in which Prp16p-and ATP-dependent rejection competes with a step in splicing that requires the genuine branch site sequence (Burgess and Guthrie, 1993b) . Prp16p was originally proposed to compete with a step at the lariat intermediate stage, because with a wild-type substrate, Prp16p does not appear to either bind to the substrate or promote splicing until after 5 0 splice site cleavage (Schwer and Guthrie, 1991) and because prp16 mutants did not appear to alter the levels of pre-mRNA having a mutated branch site (Burgess and Guthrie, 1993b) . However, recent genetic studies Villa and Guthrie, 2005) are also consistent with an alternative model in which Prp16p promotes the fidelity of branch point recognition by antagonizing mutated substrates prior to 5 0 splice site cleavage. The lack of an in vitro assay for the fidelity of 5 0 splice site cleavage has precluded a biochemical test of this model and a deeper investigation of the role of Prp16p in fidelity. Additionally, although PRP16 is required to reject a suboptimal substrate, the requirements for subsequently discarding a rejected substrate down a pathway that leads to turnover have not been defined.
Two additional DExD/H box ATPases promote fidelity in premRNA splicing-Prp5p, during early spliceosome assembly, and Prp22p, during exon ligation (Mayas et al., 2006; Xu and Query, 2007) . Although Prp5p promotes the association of U2 snRNP with a wild-type substrate (Perriman and Ares, 2000; Ruby et al., 1993; Xu et al., 2004) , Prp5p also discriminates against substrates having branch site mutations (Xu and Query, 2007) . Similarly, although Prp22p promotes the release of a wildtype mRNA product after exon ligation (Company et al., 1991; Schwer and Gross, 1998) , Prp22p also generally discriminates against mutated substrates before exon ligation (Mayas et al., 2006) . Together with the studies of Prp16p, these data suggest a general model in which DExD/H box ATPases establish fidelity in pre-mRNA splicing both by promoting an optimal substrate along the productive splicing pathway and by rejecting a suboptimal substrate down a competitive, unproductive pathway (Burgess and Guthrie, 1993a; Query and Konarska, 2006) . However, it has remained unclear how the DExD/H box ATPases discriminate between an optimal and a suboptimal substrate.
To define further the mechanisms for establishing fidelity in splicing, we developed an in vitro assay sensitive to proofreading of 5 0 splice site cleavage. We found that the DEAH box ATPase Prp16p rejects spliceosomes prior to 5 0 splice site cleavage, when the rate of 5 0 splice site cleavage is slow. Furthermore, we found that pre-mRNA rejected by Prp16p is discarded by a pathway that requires another DEAH box ATPase, the spliceosome disassembly factor Prp43p (Arenas and Abelson, 1997; Martin et al., 2002) . Our analysis establishes a pathway for proofreading and discarding at the stage of 5 0 splice site cleavage and provides evidence that DExD/H box ATPases promote the fidelity of RNA-dependent processes by antagonizing slow substrates.
RESULTS
An ATP-Dependent Activity that Competes with 5 0 Splice Site Cleavage To test for an ATP-dependent activity that competes with 5 0 splice site cleavage and thereby serves to reject aberrant substrates, we sought to investigate the basis of a defect in which the spliceosome stalls just before 5 0 splice site cleavage. No substrate mutations are currently known to stall splicing in vitro at the stage of 5 0 splice site cleavage. However, an atomic substitution of sulfur for the pro-Sp nonbridging oxygen at position U80 of U6 snRNA (U6/sU80 (Sp)) does stall splicing just before 5 0 splice site cleavage (Yean et al., 2000) . U6-U80 resides in a bulge of the U6 intramolecular stem loop (ISL), which is analogous to the catalytic domain V of group II introns (Huppler et al., 2002; Villa et al., 2002) , a class of introns that self-splice by a pathway indistinguishable from pre-mRNA splicing. A recent crystal structure of a group II intron (Toor et al., 2008) has revealed that five ligands in domain V bind a pair of metals separated by a distance previously predicted to promote the catalysis of the two transesterification reactions in splicing (Steitz and Steitz, 1993) . Importantly, the spliceosomal analog of one ligand, the pro-Sp nonbridging oxygen of U6-U80, was proposed to play a catalytic role in binding a Mg 2+ ion during 5 0 splice site cleavage, because the sulfur-substituted U6/sU80 (Sp) spliceosomes fail to splice in Mg
2+
, which coordinates sulfur poorly, but successfully splice with more thiophilic metals, such as Mn 2+ or Cd 2+ (Yean et al., 2000) , although a structural role for Mg 2+ binding has not yet been ruled out. Because U6/sU80 (Sp) spliceosomes in Mg 2+ undergo assembly and activation and stall just before 5 0 splice site cleavage (Yean et al., 2000) , we hypothesized that the sulfur substitution sensitizes spliceosomes to ATP-dependent rejection.
We indeed found evidence for an ATP-dependent rejection step that competes with 5 0 splice site cleavage. To test our hypothesis, we assembled spliceosomes in the presence of Mg 2+ on labeled ACT1 pre-mRNA in budding yeast extract that was depleted of endogenous U6 and reconstituted with U6/sU80 (Sp). After the spliceosomes stalled just prior to 5 0 splice site cleavage, we affinity purified the spliceosomes using TAPtagged Prp19p. The spliceosomes were then incubated in the presence of Mg 2+ , Mn 2+ , or Cd 2+ to test for metal rescue and in the absence or presence of ATP to test for rejection. As expected for U6/sU80 (Sp) spliceosomes in the presence of ATP, 5 0 splice site cleavage was prohibited in the presence of Mg 2+ but was permitted in the presence of the more thiophilic divalent metal ions Mn 2+ and Cd 2+ ( Figure 1A , lanes 3, 5, and 7).
Remarkably, when U6/sU80 (Sp) spliceosomes were incubated in the absence of ATP, the spliceosome catalyzed 5 0 splice site cleavage not only with Mn 2+ and Cd 2+ but also with Mg
, 5-fold above background, suggesting that an ATP-dependent rejection activity was disabled ( Figure 1A, lanes 2, 4, and 6 ). Splicing by
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Proofreading 5 0 Splice Site Cleavage U6/sU80 (Sp) spliceosomes in Mg 2+ was also permitted when ATP was removed by gel filtration rather than by affinity purification or when affinity-purified spliceosomes were supplemented with extract and incubated in the absence of ATP (see Figures S1A and S1B available with this article online), indicating that affinity purification did not remove a factor essential for repressing splicing by U6/sU80 (Sp) spliceosomes. To test the generality of the ATP-dependent rejection activity, we assembled U6/sU80 (Sp) spliceosomes on another, unrelated pre-mRNA substrate, UBC4; 5 0 splice site cleavage of this substrate in Mg 2+ was also permitted in the absence of ATP and repressed in the presence of ATP ( Figure S1C ). Importantly, although 5 0 splice site cleavage is reversible (Tseng and Cheng, 2008) , the formation of intermediates in the absence of ATP could not be reversed by the addition of ATP, implying that ATP can only reject U6/sU80 (Sp) spliceosomes before 5 0 splice site cleavage (data not shown). Thus, the requirement of U6/sU80 (Sp) spliceosomes for more thiophilic, divalent metals in cleaving the 5 0 splice site is established in part by an ATP-dependent rejection activity that competes with 5 0 splice site cleavage. The catalysis of 5 0 splice site cleavage by U6/sU80 (Sp) spliceosomes after removal of ATP ( Figure 1A ) suggested that the ATP-dependent activity may reject spliceosomes reversibly. To test explicitly for the reversibility of the ATP-dependent rejection step, we first incubated affinity-purified U6/sU80 (Sp) spliceosomes in Mg 2+ in the presence of ATP to allow rejection and then, after washing away ATP, incubated the spliceosomes further in Mg 2+ and in the presence or absence of ATP. During this second incubation in the presence of ATP, the spliceosome continued to repress 5 0 splice site cleavage ( Figure 1B , lane 5). However, in the absence of ATP, repression was relieved, and the spliceosomes catalyzed 5 0 splice site cleavage ( Figure 1B , lane 4). Thus, the ATP-dependent activity rejects spliceosomes reversibly.
The role of the U80 pro-Sp nonbridging oxygen in exon ligation has been unclear; although more thiophilic metals rescue a block to 5 0 splice site cleavage conferred by the U6/sU80 (Sp) sulfur substitution, a subsequent block to exon ligation could not be rescued (Yean et al., 2000) . However, when we affinity-purified U6/sU80 (Sp) spliceosomes stalled on ACT1 pre-mRNA at the 5 0 splice site cleavage stage in Mg 2+ and then incubated in the presence of ATP and the thiophilic metal Cd 2+ , these spliceosomes not only catalyzed 5 0 splice site cleavage but also exon ligation ( Figure 1A , lane 7 and Figure S1D , lane 3). In contrast, with the less thiophilic metal Mn 2+ , these spliceosomes only catalyzed 5 0 splice site cleavage. These data provide evidence that the U6-U80 pro-Sp nonbridging oxygen binds a metal 
Proofreading 5 0 Splice Site Cleavage that is essential for both 5 0 splice site cleavage and exon ligation, although the roles of this metal in each step remain to be determined.
Defective Spliceosomes Are Rejected before 5 0 Splice Site Cleavage by the DEAH Box ATPase Prp16p We next tested the prediction that this ATP-dependent activity that competes with 5 0 splice site cleavage corresponds to the DEAH box ATPase Prp16p, just as the ATP-dependent activity that competes with exon ligation corresponds to the DEAH box ATPase Prp22p (Mayas et al., 2006) . We first observed that 5 0 splice site cleavage of U6/sU80 (Sp) spliceosomes in Mg 2+ was repressed by GTP, CTP, and UTP as efficiently as by ATP (Figure 2A ), thereby implicating a nonspecific NTPase of the DEAH box ATPase subfamily, such as Prp16p (Rocak and Linder, 2004; Schwer and Guthrie, 1992) . To directly test for a role for Prp16p, we asked whether recombinant, mutated Prp16p compromised the ATP-dependent rejection of U6/sU80 (Sp) spliceosomes. We purified three dominant negative variants of Prp16p that permit 5 0 splice site cleavage but block exon ligation when added to splicing reactions containing a wildtype substrate . Additionally, we purified one hypomorphic variant (Prp16p-T507A) that is cold-sensitive but permits both 5 0 splice site cleavage and exon ligation in vitro at the intermediate temperature of 23 C (Hotz and Schwer, 1998; Schneider et al., 2002) . We then added the mutated or wild-type rPrp16p to splicing extracts, reconstituted with U6/sU80 (Sp), affinity-purified the stalled spliceosomes, and then incubated in Mg 2+ either in the absence or presence of ATP. As expected, in the case of spliceosomes purified from extracts supplemented with wild-type rPrp16p, 5 0 splice site cleavage was repressed in the presence of ATP ( Figure 2B , lane 6). Importantly, when spliceosomes purified from extracts supplemented with mutated rPrp16p were incubated in the presence of ATP, 5 0 splice site cleavage was no longer repressed; rather, the spliceosomes permitted formation of lariat intermediate and 5
0 exon, $10-fold above the level permitted by wild-type rPrp16p for both the dominant negative mutants and the cold-sensitive mutant ( Figure 2B , compare lane 6 with lanes 9, 12, 15, and 18). In contrast to the Prp16p mutations, mutations in the DEAH box ATPases Prp22p and Prp43p did not compromise the ability of the spliceosome to repress 5 0 splice site cleavage in the presence of ATP ( Figure 2B , lanes 19-24). Verifying these observations, when U6/sU80 (Sp) spliceosomes were stalled in extract of the cold-sensitive mutant prp16-302, affinity-purified, and then incubated at low temperature, 5 0 splice site cleavage was allowed even in the presence of ATP, $8-fold above the level permitted in wild-type PRP16 extract ( Figure S2 ). Thus, Prp16p is required for the ATP-dependent rejection of spliceosomes lacking an important interaction between Mg 2+ and the pro-Sp nonbridging oxygen of U6-U80. These observations imply that Prp16p competes with 5 0 splice site cleavage to promote the fidelity of this reaction.
Prp16p Can Bind Spliceosomes before 5
0 Splice Site Cleavage Although Prp16p does not appear to bind to or function on a wildtype substrate until after 5 0 site cleavage (Schwer and Guthrie, 1991; Schwer and Guthrie, 1992; Villa and Guthrie, 2005; , our data showing a role for Prp16p in rejecting defective spliceosomes before 5 0 splice site cleavage ( Figure 2B ) imply that Prp16p can bind to the spliceosome before 5 0 splice site cleavage. Furthermore, when U6/sU80 (Sp) spliceosomes are stalled just before 5 0 splice site cleavage in Mg 2+ , affinity-purified, and then rescued with Cd 2+ in the presence of ATP, these spliceosomes not only catalyzed 5 0 splice site cleavage but also exon ligation, again implying binding of Prp16p to the spliceosome before 5 0 splice site cleavage ( Figure 1A , lane 7; Figure 3A , lane 3; Figure S1D , lane 3; and Figure S1E ). Note that in these experiments exon ligation required Prp16p, because in parallel experiments utilizing extract supplemented with the dominant negative mutant rPrp16p-K379A rather than wildtype rPrp16p, the affinity-purified spliceosomes failed to catalyze exon ligation ( Figure 3A, compare lanes 3 and 6) . Although previous studies have only found evidence for binding of Prp16p to splicing intermediates (Schwer and Guthrie, 1991; Schwer and Guthrie, 1992; Villa and Guthrie, 2005; , these previous studies would have been unable Figure 1A , but with Mg 2+ only.
(B) rPrp16p mutants but not wild-type (WT) permit 5 0 splice site cleavage by U6/sU80 (Sp) spliceosomes even in the presence of ATP. Reactions were as in Figure 1A , except that spliceosomes were stalled in yeast extract supplemented with recombinant variants of Prp16p, Prp22p, or Prp43p and then incubated only with Mg 2+ .
The intensity of the middle panel is increased.
Values and errors were as in Figure 1A (see also Figure S2 ). 0 splice site cleavage using the U6/sU80 (Sp) modification and then assayed for immunoprecipitation of pre-mRNA using an anti-Prp16p antibody. Consistent with the association of Prp16p with spliceosomes prior to 5 0 splice site cleavage, anti-Prp16p antibodies immunoprecipitated pre-mRNA 10-fold above background ( Figure 3B,  lanes 2 and 3) . This association of Prp16p with the pre-mRNA depended on spliceosome assembly, because in the absence of U6 reconstitution, the levels of immunoprecipitated premRNA decreased 8-fold ( Figure 3B , lanes 3 and 6) and because a substrate defective for spliceosome assembly due to a G1C mutation at the 5 0 splice site (Cheng and Abelson, 1987 ) decreased the levels of immunoprecipitated pre-mRNA 10-fold ( Figure 3C , lanes 3 and 6). Although these experiments do not test whether Prp16p binds to the spliceosomes before 5 0 splice site cleavage when cleavage is fast, these results indicate that Prp16p can bind to the spliceosome prior to 5 0 splice site cleavage when cleavage is slow, consistent with a role in proofreading at this stage.
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Evidence that Prp16p Proofreads the Rate of 5
0 Splice Site Cleavage By competing with 5 0 splice site cleavage, Prp16p could establish specificity and promote fidelity by rejecting a spliceosome faster than 5 0 splice site cleavage in the case of a defective spliceosome and slower than 5 0 splice site cleavage in the case of an intact spliceosome. This dependence of the relative rates on the integrity of the spliceosome could be established by one of two non-mutually exclusive mechanisms. First, the integrity of the spliceosome could alter the rate of Prp16p-dependent rejection. Second, the integrity of the spliceosome could alter the rate of 5 0 splice site cleavage, a possibility that we tested. Specifically, after affinity purification of U6/sU80 (Sp) Figure 1C ; Pecoraro et al., 1984; Sigel et al., 1997) . Thus, the spliceosomes that were rejected also spliced the slowest. These observations provide evidence that Prp16p proofreads splicing by distinguishing rates of 5 0 splice site cleavage.
Discard of Stalled Pre-mRNA Is Mediated by the DEAH Box ATPase Prp43p
Because Prp16p rejects U6/sU80 (Sp) spliceosomes reversibly (Figures 1B), to promote fidelity, the spliceosome must also initiate a discard pathway to favor turnover of rejected pre-mRNA. Discard could be established by degrading the rejected premRNA while still bound to the spliceosome (Bousquet-Antonelli et al., 2000) or by releasing the pre-mRNA from the spliceosome and then exporting and degrading the pre-mRNA, just as lariat , stalled and affinity purified U6/sU80 (Sp) spliceosomes undergo not only 5 0 splice site cleavage but also exon ligation in an ATP-and Prp16p-dependent manner. Reactions were as in Figure 2B but included Cd 2+ in the final incubation.
(B and C) Prp16p antibodies immunoprecipitate pre-mRNA bound to spliceosomes stalled prior to 5 0 splice site cleavage but only if U6 is present (B) and the 5 0 splice site conforms to the consensus sequence (C). Spliceosomes were stalled and purified as in Figure 1A , except in (B), lanes 4-6, where U6/sU80 (Sp) was omitted and in (C), lanes 4-6, where the 5 0 splice site (5 0 SS) was mutated (G1C). Top panels show inputs (i) and immunoprecipitates, which were 10% and 40% of a splicing reaction, respectively; bottom panels show quantitation. Values and errors were as in Figure 1A .
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Proofreading 5 0 Splice Site Cleavage intermediates rejected by Prp22p are released from the spliceosome and then exported and degraded (Hilleren and Parker, 2003; Mayas et al., 2010) .
To test for discard of pre-mRNA in terms of release from the spliceosome, we assayed for release by glycerol gradient centrifugation. Although we were unable to utilize an ACT1 transcript to assay for release of pre-mRNA from stalled spliceosomes because of significant levels of unassembled pre-mRNA that would obscure discarded pre-mRNA (data not shown), we were able to use a UBC4 transcript for the discard experiments, because this substrate efficiently incorporates pre-mRNA into spliceosomes ( Figures 4A and 4B) . UBC4, similar to ACT1, suffers rejection when reconstituted with U6/sU80 (Sp) (Figure S1C) . Although a discarded population of UBC4 pre-mRNA was not evident at steady state, we considered the possibility that the pre-mRNA cycled between spliceosome-bound and discarded populations. To assay for discard of pre-mRNA by release from U6/sU80 (Sp)-stalled spliceosomes, we tested whether the spliceosome-bound pre-mRNA could be chased into a released population. Specifically, after stalling U6/sU80 The spliceosome discards stalled pre-mRNA and this discard requires Prp43p. U6/sU80 (Sp) spliceosomes were assembled on labeled UBC4 pre-mRNA in Mg 2+ and in extracts supplemented with wild-type (WT) (A and B) or mutated (Q423E) (C and D) rPrp43p. The stalled spliceosomes were then chased by adding excess unlabeled UBC4 pre-mRNA. The reactions were analyzed by glycerol gradient before (top) and after (bottom) the chase (A and C). Inputs (i) represent 10% of the reaction. The pre-mRNA in each fraction was quantitated (B and D) (see also Figure S3 ). (E and F) Discarded and unassembled pre-mRNA migrate similarly. (E) Glycerol gradient analysis is shown for pre-mRNA in the absence of extract (top) or in the presence of extract but in the absence of ATP (middle) or with a G1C/U2G double mutation of the 5 0 splice site consensus sequence (bottom). (F) Quantitation of E.
(G and H) Efficient discard of stalled pre-mRNA is prevented by mutated rPrp16p. (G) Reactions were as in Figures 4A and C, except extracts were supplemented with wild-type (WT) or mutated (K379A) rPrp16p, and reactions were analyzed only after the chase. , we added 100-fold excess of unlabeled UBC4 transcript to prevent reassembly of the spliceosome on discarded pre-mRNA. Before the chase, the majority of the pre-mRNA migrated rapidly peaking in fractions 16-20 where spliceosomes migrate (Figures 4A and 4B and Figure S3 ; see below). After the chase, the faster migrating population of spliceosome-bound pre-mRNA decreased over time with a concomitant appearance of a new, slower migrating population of pre-mRNA peaking in fractions [11] [12] [13] [14] . To test whether this slower migrating pre-mRNA reflects free premRNA released from the spliceosome, we assessed the migration of pre-mRNA that cannot assemble a spliceosome either because of a G1C/U2G double mutation of the 5 0 splice site consensus sequence or because of an absence of ATP in the splicing reaction. Although pre-mRNA in the absence of extract migrated near the top of the gradient, the unassembled premRNA in the presence of extract peaked in fractions 11-14, coincident with the discarded population (compare Figures 4A and 4B and Figures S3A and S3B with Figures 4E and 4F) . These results suggest that the spliceosome discards stalled premRNA through dissociation.
Recently, we identified a role for the DEAH box ATPase Prp43p in discarding splicing intermediates (Mayas et al., 2010) , in addition to its role in releasing the excised intron and disassembling the spliceosome once splicing of a genuine substrate is complete (Arenas and Abelson, 1997; Martin et al., 2002; Small et al., 2006; Tsai et al., 2005) . Furthermore, mutations in either prp43 or its cofactors suppress splicing factor mutations in vivo that compromise spliceosome activation in vitro, suggesting a role for Prp43p in disassembling defective spliceosomes (Pandit et al., 2006) . To test whether Prp43p discards stalled pre-mRNA, we supplemented extract with either wild-type rPrp43p or mutated rPrp43p having the dominant negative mutation Q423E. As expected, when spliceosomes were assembled on labeled UBC4 pre-mRNA in extracts supplemented with wild-type rPrp43p and then chased with unlabeled UBC4 pre-mRNA, the faster migrating population of spliceosome-bound pre-mRNA decreased with a concomitant appearance of the slower migrating population of discarded pre-mRNA ( Figures 4A and 4B) ; discard of the pre-mRNA was also observed in the absence of supplemental rPrp43p ( Figures  S3A and S3B) . However, when spliceosomes were assembled on labeled UBC4 pre-mRNA in extracts supplemented with mutated rPrp43p and then chased with unlabeled UBC4 premRNA, the spliceosome bound fraction of pre-mRNA remained intact and no discarded pre-mRNA appeared ( Figures 4C and  4D) ; in contrast, mutated rPrp22p did not compromise the discard of pre-mRNA ( Figures S3E and S3F ). Validating this observation, when U6/sU80 (Sp) spliceosomes were stalled in extract from the cold-sensitive mutant prp43-Q423N or the isogenic wild-type strain and then chased with unlabeled UBC4, in the mutant extract the pre-mRNA remained bound to the spliceosome (data not shown). Together, these results provide evidence that Prp43p mediates the discard of stalled pre-mRNA.
To determine whether discard of pre-mRNA from the spliceosome requires Prp16p-mediated rejection, we supplemented extract with either wild-type rPrp16p or mutated rPrp16p having the dominant negative mutation K379A. When spliceosomes were assembled in extracts supplemented with wild-type rPrp16p and then chased, the faster migrating population of spliceosome-bound pre-mRNA decreased with a concomitant appearance of the slower migrating population of discarded pre-mRNA (Figures 4G and 4H) . However, when spliceosomes were assembled in extracts supplemented with mutated rPrp16p and then chased, the spliceosome bound fraction of pre-mRNA remained intact and no discarded pre-mRNA appeared. Consistent with an upstream requirement for Prp16p, mutated rPrp43p does not detectably compromise the fidelity of 5 0 splice site cleavage ( Figure 2B and data not shown). Although we cannot exclude the possibility that mutated rPrp16p prevents the binding of Prp43p and subsequent discard of premRNA in these experiments, these results provide evidence that Prp43p-mediated discard of stalled pre-mRNA requires Prp16p-mediated rejection.
DISCUSSION
DExD/H box ATPases have been implicated in proofreading multiple steps in pre-mRNA splicing (Burgess and Guthrie, 1993b; Mayas et al., 2006 Mayas et al., , 2010 Xu and Query, 2007) , and may proofread other RNA processes as well. To investigate the mechanism of fidelity during 5 0 splice site cleavage in premRNA splicing, we developed an in vitro assay sensitive to proofreading at this critical step. Proofreading required ATP and the DEAH box ATPase Prp16p (Figures 1 and 2) . Although Prp16p is not required until after 5 0 splice site cleavage of a wild-type substrate (Schwer and Guthrie, 1991) , Prp16p could bind to the spliceosome before 5 0 splice site cleavage, consistent with a role for Prp16p in proofreading 5 0 splice site cleavage (Figure 3) . Significantly, Prp16p proofreads a putative catalytic metal-ligand interaction important for 5 0 splice site cleavage, and we discovered evidence that Prp16p does so by distinguishing between slow and fast rates of 5 0 splice site cleavage ( Figure 1C) . Finally, Prp16p-mediated rejection was reversible, and the spliceosome discarded pre-mRNA through dissociation by the DEAH box ATPase Prp43p ( Figures 1B and 4) . Our data establish a pathway for proofreading and discard at the stage of 5 0 splice site cleavage ( Figure 5 ) and provide evidence that DExD/H box ATPases establish specificity in splicing by discriminating against substrates that proceed slowly.
Prp16p promotes the fidelity of branch point recognition (Burgess and Guthrie, 1993b) . Genetic studies suggested that Prp16p proofreads the branch site either before or after 5 0 splice site cleavage (Burgess and Guthrie, 1993b; Query and Konarska, 2004 ; also see Introduction). By demonstrating that Prp16p can bind spliceosome-bound pre-mRNA and repress 5 0 splice site cleavage, our data provide biochemical evidence that Prp16p antagonizes mutated substrates before 5 0 splice site cleavage. Still, Prp16p promotes exon ligation of a wild-type substrate by rearranging the spliceosome immediately after 5 0 splice site cleavage Schwer and Guthrie, 1991; Schwer and Guthrie, 1992; Villa and Guthrie, 2005) . This dual role for Prp16p at 5 0 splice site cleavage parallels the dual role for Prp22p at exon ligation (Mayas et al., 2006) . In the case of a mutated substrate, Prp22p rejects intermediates by
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Proofreading 5 0 Splice Site Cleavage rearranging the spliceosome before exon ligation, whereas in the case of a wild-type substrate, Prp22p promotes release of mRNA by rearranging the spliceosome immediately after exon ligation (Company et al., 1991; Schwer and Gross, 1998) . Together, these data indicate that the chemical steps of splicing are proofread by a common ATP-dependent framework mediated by DExD/H box ATPases. Over 30 years ago, Hopfield (1974) and Ninio (1975) independently proposed a general kinetic proofreading model for fidelity in which the specificity of an enzyme-substrate interaction is increased by expending energy to establish additional inspections of the substrate after initial binding. In this model the specificity of an interaction is enhanced by a branch in the reaction pathway through which mutated substrates are preferentially rejected (Burgess and Guthrie, 1993a; Hopfield, 1974; Ninio, 1975; Query and Konarska, 2006; Yarus, 1992a; Yarus, 1992b) . In support of the importance of kinetic proofreading in splicing, at least three of the eight spliceosomal DExD/H box ATPases establish branched pathways that compete with splicing to promote fidelity (Burgess and Guthrie, 1993b; Mayas et al., 2006; Xu and Query, 2007) . However, it has remained unclear how such competitions establish specificityÀhow optimal substrates are favored on the productive splicing pathway and suboptimal substrates are favored on a rejection pathway.
In a kinetic proofreading model, specificity can be established by one of two non-mutually exclusive mechanisms. In the case of 5 0 splice site cleavage, specificity could be established because either the rate of Prp16p-mediated rearrangement or the rate of 5 0 splice site cleavage varies with the identity of the substrate or the integrity of the spliceosome ( Figure 5 ). In the first case, Prp16p would act as a sensor of the authenticity of a substrate. In this case, a suboptimal substrate would trigger Prp16p activity before 5 0 splice site cleavage, perhaps by directly activating Prp16p or by destabilizing or loosening the 5 0 splice site cleavage conformation of the spliceosome. In contrast, an optimal substrate would resist Prp16p activity by repressing Prp16p or by stabilizing or compacting the spliceosome until after 5 0 splice site cleavage when the altered connectivity of the substrate would activate Prp16p. Supporting this mechanistic possibility for specificity, cofactors both repress and activate DExD/H box ATPases (Alcazar-Roman et al., 2006; Ballut et al., 2005; Bellare et al., 2008; Maeder et al., 2009; Small et al., 2006; Tanaka et al., 2007; Weirich et al., 2006) . Additionally, the activity of a DExD/H box-ATPase can depend on the stability of its substrate (Bhaskaran and Russell, 2007) . Whether Prp16p or any other spliceosomal DExD/H box ATPase functions as a sensor of the authenticity of a substrate remains to be determined.
In the second case, Prp16p would act as a sensor of time, effectively limiting the window for catalysis. In this case, with an optimal substrate that splices fast, Prp16p would act after 5 0 splice site cleavage, resulting in advancement of the substrate along the splicing pathway. With a mutated substrate that splices slowly, Prp16p would act before 5 0 splice site cleavage, resulting in rejection of the substrate. In support of this timer model, in the absence of ATP the apparent rate of 5 0 splice site cleavage with U6/sU80 (Sp) spliceosomes was significantly slower in Mg 2+ than in Mn 2+ or Cd 2+ , establishing that a slower rate in Mg 2+ correlates with the ATP-and Prp16p-dependent rejection of U6/sU80 (Sp) spliceosomes in Mg 2+ (Figures 1   and 2B ). These observations provide evidence that DExD/H box ATPases enhance the fidelity of pre-mRNA splicing by discriminating between different rates for genuine and aberrant substrates during proofreading. For example, these data predict that Prp22p discriminates against suboptimal 3 0 splice sites because such splice sites undergo exon ligation slowly, although this prediction remains to be tested.
In the simplest model Prp16p antagonizes suboptimal substrates and promotes optimal substrates before and after 5 0 splice site cleavage by the same mechanism. Evidence suggests (Hilliker et al., 2007; Liu et al., 2007; Perriman and Ares, 2007; Query and Konarska, 2004; Villa and Guthrie, 2005) . Because Prp16p unwinds RNA duplexes in vitro , Prp16p likely promotes this closed-to-open transition through disruption of RNA and/or RNP structures that stabilize the 5 0 splice site cleavage conformation. Indeed, prp16 mutants are suppressed by disrupting base pairing interactions in two key snRNA structures that stabilize the 5 0 splice site cleavage conformation-U2 stem IIc and U2/U6 helix I (Hilliker et al., 2007; Madhani and Guthrie, 1994; Mefford and Staley, 2009; Perriman and Ares, 2007) . Further, prp16 mutants are suppressed by disrupting undefined interactions involving U6, Prp8p, and Isy1p that also stabilize the 5 0 splice site cleavage conformation (Madhani and Guthrie, 1994; Query and Konarska, 2004; Villa and Guthrie, 2005) . Moreover, disruption of U2 stem IIc and U2/U6 helix I as well as mutation of PRP8 and deletion of ISY1 enhance discrimination against a mutated branch site substrate and thereby increase fidelity mediated by Prp16p (Hilliker et al., 2007; Madhani and Guthrie, 1994; Perriman and Ares, 2007; Query and Konarska, 2004; Villa and Guthrie, 2005) . Thus, Prp16p appears to increase the specificity of 5 0 splice site cleavage by simply disrupting equivalent interactions before or after 5 0 splice site cleavage, depending on the identity of the substrate.
Importantly, Prp16p-mediated rejection is reversible (Figure 1B) . We propose that this reversibility delays discard of a substrate to allow sampling of alternative splice sites and potentially regulation of splice site choice. This reversibility also necessitates a downstream discard pathway that provides an opportunity to abort splicing. Spliceosome-bound premRNA can be degraded by a nuclear pathway mediated by Rat1p or the nuclear exosome (Bousquet-Antonelli et al., 2000) . However, lariat intermediates stalled by a mutation at the 3 0 splice site are degraded by a cytoplasmic pathway mediated by Xrn1p or the cytoplasmic exosome (Hilleren and Parker, 2003) . These mutated lariat intermediates are not only rejected by Prp22p (Mayas et al., 2006) but also are exported after dissociation from the spliceosome by the DEAH box ATPase Prp43p (Mayas et al., 2010) , a factor also required to dissociate a genuine excised intron (Arenas and Abelson, 1997; Martin et al., 2002) .
In vitro, the spliceosome similarly dissociates stalled premRNA by a pathway that requires Prp43p (Figure 4) , suggesting that in vivo rejected pre-mRNA may be discarded by dissociation, export, and degradation. Consistent with this model, mutations in prp43 and its cofactors suppress splicing factor mutations defective in spliceosome activation (Pandit et al., 2006) . In addition, mutated pre-mRNA can be exported and degraded in the cytoplasm (Hilleren and Parker, 2003; Legrain and Rosbash, 1989; Rain and Legrain, 1997; Rutz and Seraphin, 2000) . In such cases, it has been assumed that the pre-mRNA is exported as the result of a failure to bind the spliceosome. However, our data suggest that some of the mutated premRNA degraded in the cytoplasm may have successfully engaged the spliceosome but subsequently suffered rejection and then discard through dissociation, export, and degradation. In support of this hypothesis, a mutated ACT1 pre-mRNA substrate with the U257A branch site mutation is not only degraded in the cytoplasm but also proofread by Prp16p (Burgess and Guthrie, 1993b; Hilleren and Parker, 2003) . Thus, our data suggest that mutated precursors and lariat intermediates stalled at the chemical steps are not only rejected by parallel mechanisms but also discarded by parallel mechanisms.
The role for Prp43p at the precursor, intermediate, and product stages of splicing suggests a target for this molecular motor that is common to all three stages of splicing. Such a target remains to be defined but formally could comprise U2, U5, U6, and/or the intron itself. Notably, Prp43p is also associated with pre-rRNA and histone pre-mRNA processing (Combs et al., 2006; Friend et al., 2007; Lebaron et al., 2005; Leeds et al., 2006) , suggesting that Prp43p may play an analogous discard role in these reactions. Intriguingly, histone pre-mRNA processing also requires U2 (Friend et al., 2007) , and human Prp43p has been identified as a component of the U2 snRNP (Behzadnia et al., 2007) , raising the possibility that Prp43p may target a U2-substrate interaction.
Although at least three of the eight spliceosomal DExD/H box ATPases function at specific steps to promote proofreading, our data suggest that a single DExD/H box ATPase Prp43p functions to discard suboptimal substrates at two stages, minimally, in addition to discarding the excised intron. This implication raises the questions of how Prp43p is regulated. Although discard of the excised intron requires the prior activity of Prp22p, discard of the pre-mRNA and the lariat intermediate does not (Figures S3E and S3F; Mayas et al., 2010) , implying that discard does not simply follow the pathway for splicing an optimal substrate. Given the roles of the DExD/H box ATPase Brr2p, the GTPase Snu114p and the Prp43p cofactors Ntr1 and Ntr2 in discard of the excised intron (Boon et al., 2006; Small et al., 2006; Tanaka et al., 2007; Tsai et al., 2005) , these factors represent potential collaborators in the discard of suboptimal substrates. Finally, given the general role of Prp43p in terminating splicing, this ATPase represents an intriguing potential target in the regulation of splicing.
EXPERIMENTAL PROCEDURES
Plasmids, Strains, and Synthetic U6 snRNA See Supplemental Experimental Procedures for details.
In Vitro Splicing
Pre-mRNA substrates and Saccharomyces cerevisiae splicing extracts were prepared as described elsewhere (Mayas et al., 2006) . U6 was depleted and reconstituted from extract, as described with modifications (see Supplemental Experimental Procedures; Yean et al., 2000) . Splicing reactions and immunoprecipitations were performed as described with modifications (see Supplemental Experimental Procedures; Schwer and Guthrie, 1992; Stevens and Abelson, 2002) .
Recombinant Proteins
His 6 -tagged variants of Prp16p, Prp22p, and Prp43p were purified as described elsewhere (Martin et al., 2002; Schneider et al., 2002) .
Glycerol Gradient Centrifugation
Glycerol gradients were performed as described elsewhere (Mayas et al., 2010) . In the discard assays, U6/sU80 (Sp)-stalled spliceosomes were chased with a 100-fold excess of unlabeled transcript for 30 min.
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